An experiment has been conducted to evaluate the additional dose reduction by clear felling 11 contaminated forestry in Fukushima Prefecture, Japan, and using the timber to cover the areas 12 with wood chips. A portable gamma spectrometry system, comprising a backpack containing 13 a 3x3" NaI(Tl) detector with digital spectrometer and GPS receiver, has been used to map 14 dose rate and radionuclide activity concentrations before, after and at stages during this 
Introduction
Another potential method for forest remediation is to cut down trees near households. This 43 has advantages since it eliminates the risk of future deposition through litter fall and through 44 fall (Kato et.al. 2015) . However, this approach has not yet been tested, and therefore there is 45 no data available to assess the effect of forest removal on dose rate. 46
Radiometric surveys using backpacks are ideal to evaluate forest dose rates and the effect 47 6 constraints of the terrain, a dense survey pattern of parallel lines 1-2 m apart was maintained. 126
A netbook or tablet computer was used to power the system, and run custom software that 127 continuously logged spectra with associated positional information, and run real-time 128 analysis using predetermined calibration parameters. Real-time data analysis used a spectral 129 windows with stripping algorithm to calculate activity per unit area for 137 Cs and 134 Cs, and 130 activity per unit mass for 40 K, 214 Bi ( 238 U decay series) and 208 Tl ( 232 Th decay series), and a 131 scaled count rate above 450 keV to calculate total terrestrial gamma dose rate. Analysis 132 includes subtraction of a background recorded from a plastic boat over open water, 133 accounting for internal activity within the detector and the cosmic dose rate. For the detector 134 used here, these measurements were conducted on Loch Lomond, Scotland (56°8N, 4°38W), 135 it is recognised that the sea level cosmic background is slightly higher for these 136 measurements than would be the case in Fukushima, but this is an insignificant error 137 compared to the terrestrial radiation. This method, applied to airborne measurements, has 138 been described in numerous places including IAEA (1991, 2003) and Sanderson et.al. (1994) , 139 Cresswell et.al. (2006) also includes the derivation of uncertainties on measurements. 140
The calibration parameters for the real-time analysis, which take account of the shielding 141 effect of the operator (Buchanan et.al. 2016 ), were validated using reference sites in Scotland 142 and Japan (Cresswell et.al. 2013 , Sanderson et.al. 2013 ). The parameters for radiocaesium 143 and natural activity concentrations assume an open field geometry, and do not account for 144 shielding effects from trees or contributions to the radiation measured from activity in the 145 canopy. Measurements in a cedar forest near Iwaki demonstrated that the contribution to the 146 measured signal from activity in the canopy is no more than a few percent, even if the canopy 147 retains a significant fraction of the activity (Sanderson et.al. 2016 ). An assessment of the 148 shielding effects of trees and understory plants is ongoing, but initial analysis suggests that 149 this results in a reduction in count rate of less than 20% compared to the open field for forests7 of similar density to this site. The relative changes in activity concentration and dose rate in 151 areas that are not physically changed during this experiment will not be affected by this 152 attenuation effect. However, it may be necessary to consider this effect in comparing surveys 153 of areas where trees were removed. 154
In open field conditions, the detector field of view is approximately 10-15 m radius, 155 depending on source depth profile (Tyler et.al. 1996) . The effect of attenuation by trees will 156 be to reduce this field of view, to less than 10 m. This has not, however, been determined 157 precisely to date. 158
For natural series radionuclides, the calibration assumes a uniform depth distribution. Table S .1, Supplementary Material) the range of mass depths is 0.3-0.4 g cm -2 . Three 165 soil cores collected in May 2016 at a different location within the school forest had mass 166 depths between 0.5 and 1.1 g cm -2 .Therefore, although it is likely that the mass depth across 167 the site may be less than the assumed mass depth of 1.0 g cm -2 , this is still appropriate for this 168 location. The uncertainty on mass depth results in a systematic error on the activity per unit 169 area of less than 20%, but has no impact on the relative values measured at different times 170 assuming no change in depth profile between measurements. The weight assigned to each point, w i , is given by: 182 To better understand the origins of the dose rates observed, dose rate apportionment has 209 been used to determine the contribution of the dose rate from natural radionuclides and 210 radiocaesium. This uses conversion factors to determine air kerma dose rate from the activity 211 concentrations measured using the portable gamma spectrometry system, and the percentage 212 of the total dose rate from each of these sources. 213
Measurements of dose rate (ambient dose, µSv h -1 ) were also collected using a TCS- During the surveys with the portable gamma spectrometry system, dose rates were recorded 235 at some of the measurement points used to conduct dose rate measurements using the dose 236 rate meter. Table S .2 in the supplementary material gives the dose rates recorded at these 237 locations using the SUERC spectrometer, and measurements with the dose rate meter at 238 similar stages in the experiment. Figure 4 shows the measurements by the two instruments at 239 common points. The slope of a linear regression through these points reflects the approximate 240 relationship between the different dose rate units, 1 Gy ≈ 1.2 Sv, with the small non-zero 241 intercept probably reflecting differences in assumed instrumental background. Again, these 242 observations support the prior validation of the backpack instrument. 243 244
Environmental conditions 245
As noted, there is evidence of variations in environmental conditions, probably soil water 246 content, affecting the activity concentrations and dose rates measured by the backpack 247 system. Average values for the activity concentrations recorded for different parts of the site 248 11 for each survey are given in Table S .3 in the supplementary material. Ratios of 40 K activity 249 per unit mass for each survey relative to the initial survey were used to quantify these 250 variations. It is observed that for the artificial surfaces (areas A-D) these ratios were not 251 significantly different from unity, and hence no corrections were required for these areas. 252
However, within the forest (areas E-H) there were some significant variation in these ratios 253 for different surveys, but with less variation between different parts of the forest for each 254
survey. An average value of this ratio for all the forest areas was therefore used for each 255 survey. 256
On the assumption that soil water content was the only variable, and that the 40 K activity 257 per unit mass was constant with depth, these ratios can be used to calculate relative soil 258 density changes, and hence relative mass depth changes for radiocaesium. Other factors may 259 also contribute to variability in dose rates, including atmospheric conditions and variability in 260 cosmic ray intensity. All the surveys were conducted in dry weather. It would be expected 261 that air humidity and cosmic ray intensity would affect both forest and artificial areas, and the 262 absence of an appreciable effect on the artificial surfaces suggests that these are not 263 significant contributions to the observed variations in natural activity count rates. Correction 264 factors for the radiocaesium activity per unit area and dose rate have been calculated using 265 tabulated photon flux data and dose rate conversion coefficients (ICRU, 1994) The area of forest where trees were felled (E) shows a decrease in dose rate following the 292 felling of trees, followed by a further reduction while tree branches are removed, with no 293 significant additional dose rate reductions following the application of wood chips to the 294 adjacent area (F). Overall, a reduction in dose rate of 15 ± 5% is observed in this area as a 295 result of felling the trees. The area (F) between the felled forest and the school shows initial 296 increases in dose rate with the felling of trees, especially to the northern and southern parts of 297 the area where tree branches were stacked. This is most likely the result of the accumulation 298 13 of branches, which would carry some radiocaesium contamination, in this area. Clearing the 299 branches and application of wood chips reduces the dose rate to 9 ± 4% below the initial 300 values. For the forest area adjacent to the felled area (G) a dose rate reduction following the 301 felling of trees was observed, with an increase while this area was used to stack tree branches 302 prior to production of wood chips. After clearing these branches, an overall dose rate 303 reduction of 12 ± 4% is observed. Area H, the control area not directly affected by the 304 experiment, shows a large reduction in dose rate in the second part of November 2014, for 305 reasons that are unclear, but overall only a small dose rate reduction (7 ± 3%) during the 306 course of the experiment for most of the area. A much larger reduction in dose rate is 307 observed for the northern part of this area (H2) in May 2015, which is also unexplained. The data collected on the 28 th April 2015 did not show as pronounced a soil water effect, and 386 for these data the area to the east of the buildings (E1 and E2) shows a small decrease in 137 Cs 387 activity per unit area with no significant change for the area to the north (E3). It appears that 388 the effect of tree felling in reducing the 137 Cs inventory is different for these two areas, with it 389 being more effective to the east of the buildings than the north. 390 Figure 9 shows the change in dose rate for the areas of main interest for this study, after 391 regridding to allow for corrections due to environmental change and the physical decay of 392 134 Cs. The uncertainties propagated through the analysis result in typically 5-10% uncertainty 393 on this change, corresponding to one or two colour divisions, with uncertainties being larger 394 where the measurement density is lower and near the edges of the survey areas. The 395 combination of measurement uncertainties and local redistribution of activity, over ranges of 396 a few meters, results in a complicated visual pattern. However, some general observations 397 can still be made from these maps of dose rate change. There are small reductions in dose rate 398 observed with the felling of the trees (area E) particularly evident in Fig. 9(c Although the felling of trees has a substantial impact on forest ecology, this does have an 424 appreciable immediate impact on dose rates near the forest edge which will contribute to 425 overall dose rate reductions in contaminated areas and ultimately to allowing evacuated 426 residents to return to their homes. It is expected that the removal of trees, and hence a source 427 of contaminated litterfall, will result in additional long term radiological benefits by reducing 428 routes for recontamination of the remediated area. The Yamakiya study site will continue to 429 be monitored over the next few years to evaluate this. 430
The dosimetry method using the convenient and sophisticated backpack system used in this 431 work is widely applicable to decontamination work, and other studies, in Fukushima. 432 Trees in this area were felled for this experiment.
433
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F Slope between the forest and the school buildings, which levels off at the western end of the northern section. This is subdivided into three sub-areas; F1 and F2 to the east of the school buildings, F3 to the north.
Wood chips were applied to sub-areas E1 and E2 for this experiment.
G 10 m wide strip of forest to the east and north of area E. This is subdivided into three sub-areas; G1 and G2 to the east of the school buildings, G3 to the north.
This area had previously been remediated with the removal of leaf litter.
H
The remaining forestry around the school. This is subdivided into two sub-areas; H1
to the east and H2 to the north. Sub-area H1 is mixed woodland, sub-area H2 includes stands of red pine. 
